Converging evidence implicates the dopaminergic system and the prefrontal and nigrostriatal regions in the pathophysiology of attention deficit hyperactivity disorder (ADHD). Using positron emission tomography (PET) with [fluorine-18]fluorodopa (F18-DOPA), we compared the integrity of the presynaptic dopaminergic function between 17 ADHD adults and 23 healthy controls. The ratio of the isotope concentration of specific regions to that of nonspecific regions reflects DOPA decarboxylase activity and dopamine storage processes. Of three composite regions (prefrontal cortex, striatum, and midbrain), only the prefrontal cortex showed significantly different F18-DOPA ratios in ADHD as compared with control adults ( p Ͻ 0.01). The medial and left prefrontal areas were the most altered (lower F18-DOPA ratios by 52 and 51% in ADHD as compared with controls). Similarly, the interaction [sex ϫ diagnosis] was significant only in the prefrontal cortex ( p Ͻ 0.02): lower ratios in men than in women in ADHD and vice versa in controls. These findings suggest that a prefrontal dopaminergic dysfunction mediates ADHD symptoms in adults and that gender influences this abnormality. On the basis of previous neuroimaging findings in ADHD showing discrepant findings in adults and adolescents and on evidence for midbrain dopaminergic defect in adolescents, we hypothesize that the prefrontal dopaminergic abnormality in ADHD adults is secondary and results from an interaction of the primary subcortical dopaminergic deficit with processes of neural maturation and neural adaptation.
Attention deficit hyperactivity disorder (ADH D), a highly prevalent neurodevelopmental disorder, has been ascribed to prefrontal (Mattes, 1980; Benton, 1991; Heilman et al., 1991) and striatonigral dysf unction (C astellanos, 1997; Ernst, 1998) . These assumptions are based primarily on the nature of ADHD symptoms, i.e., impaired executive f unction (Denckla, 1994) and excessive motor activity, traditionally associated with damage in the frontal lobes (C lark et al., 1986; Goldman-Rakic, 1992 ) and basal ganglia (Graybiel, 1991) , respectively. The time course of ADHD (childhood onset and variable outcome into adulthood) and its gender distribution (approximately four boys to one girl) (Barkley, 1996) implicate neural maturation, adaptive neural changes, and sexual genetic or hormonal influences on the frontalstriatal -thalamic network. This network, organized into parallel, segregated circuits (Alexander et al., 1986; DeL ong et al., 1990) , is modulated mainly by dopamine. Although dysf unction in these areas and associated circuits is proposed as the cause of ADHD, the exact pathophysiological mechanism remains unclear.
Up to 60% of children with ADH D continue to present impairing symptoms in adulthood (Gittelman et al., 1985; Weiss and Hechtman, 1986; Barkley, 1990) . Although recent, the recognition of this disorder later in life has gained considerable importance, notably because of the high rate of comorbidity with antisocial personality disorder and substance abuse disorder (Downey et al., 1997; Bellak and Black, 1992; Mannuzza et al., 1993) , which worsen severity and outcome. Although stimulant treatment appears as effective in adults as in children (Matochik et al., 1994; Spencer et al., 1995; Wilens et al., 1995) , substance abuse liability is a concern. A better understanding of the pathophysiology of this disorder is needed for the development of highly specific therapeutic pharmacological agents. Furthermore, the investigation of ADHD may further our understanding of those neural systems, particularly dopamine, that subserve the cognitive and social behavior that are altered in this disorder.
Converging evidence from genetic and neuroimaging studies has supported the dopaminergic hypothesis of ADHD. Most exciting are the reports of linkages between ADHD and genetic markers of dopaminergic genes (Cook et al., 1995; LaHoste et al., 1996; Gill et al., 1997) . In addition, abnormal laterality and function have been reported in dopaminergic structures by MRI (Caparulo et al., 1981; Hynd et al., 1993; Aylward et al., 1996; Castellanos et al., 1996) and SPECT/PET (single-photon emission computed tomography/positron emission tomography), respectively (Lou et al., 1989; Zametkin et al., 1990; Lou, 1991; Zametkin et al., 1993; Ernst et al., 1994 Ernst et al., , 1997a . Although conceptual models of the neuropathophysiology of ADHD have been proposed (Heilman et al., 1991; Castellanos, 1997; Solanto, 1998) , no human studies have yet examined directly, in vivo, the function of specific neurochemical systems implicated in this disorder.
We elected to assess the integrity of the dopaminergic presynaptic function in ADHD, using PET with [fluorine-18] 
MATERIALS AND METHODS
Subjects. This study was approved by the Human Subjects Protection Committee of the National Institute of Mental Health, and written informed consents were obtained from all subjects after they received a complete description of the study.
Volunteers with ADH D were recruited via advertisement in local newspapers and with the help of an ADH D advocacy and support organization. Screening included a complete physical and laboratory medical work-up. Subjects were evaluated psychiatrically by means of a semi-structured diagnostic interview (Schedule for Affective Disorders and Schizophrenia, life-long version) (Endicott and Spitzer, 1978) . E xclusion criteria were any axis I or axis II DSM-III-R psychiatric disorders (American Psychiatric Association, 1987) or any medical problems, including neurological deficits, history of head trauma with loss of consciousness, and cardiac or blood pressure abnormalities. Behavioral ratings included the 10 item Conners abbreviated teacher's rating scale (Conners-ATRS) (Conners, 1969; Goyette et al., 1978) adapted for adults self-rating. Only four ADH D individuals had a history of treatment with stimulants. None was currently receiving medical treatment. Psychiatric family history in both ADH D and control groups was obtained by structured interviews (Gershon et al., 1988) .
Procedures. The study consisted of a 2 hr [F18]F DOPA PET session, including a 90 min uptake period and a 32 min acquisition period. The tracer [F18]F DOPA was administered in a 1 min intravenous inf usion at a dose of 5.0 mC i. The sensitivity of the method was improved significantly by the following strategy. To increase the availability of [F18]F DOPA in plasma to the brain, we blocked the peripheral decarboxylation of [F18]F DOPA by the administration of 150 mg of carbidopa (L-aromatic amino acid decarboxylase inhibitor) 1 hr before injection of the tracer (McLellan et al., 1991) . In addition, to minimize the accumu- Figure 1 . Template of regions of interest (ROIs). The ROIs were placed according to a predetermined algorithm. The slice with the highest striatal FDOPA signal was the "slice of reference" (at approximately the level of the canthomeatal line) and is the one presented in this figure. Striatal ROIs first were placed on the slice of reference and then on both slices directly above and below, respectively. The occipital ROIs were placed on the same slices as those containing the striatal ROIs. The frontal ROIs were placed on the 4th ( presented here) and 5th slice above the slice of reference (ϳ15-20 mm above the striatal plane, at the level of Brodmann area 10). The midbrain ROIs were placed on the 2nd ( presented here) and 3rd slice below the slice of reference (ϳ7 and 10 mm below the striatum). lation of nonspecific cerebral radioactivity, which originates mostly from the peripheral metabolite 3-O-methyl-6-[F18]F DOPA, we saturated the blood-brain barrier transport system for large neutral amino acids by the intravenous inf usion of a solution of unlabeled large neutral amino acids (Travasol 5%), starting 60 min after injection of the tracer and maintained at a rate of 40 mg / kg per hour throughout the scanning period (Doudet et al., 1992b) . During the first 90 min of tracer uptake, the subjects were watching a videotape. A custom-fitted plastic head holder was used to immobilize the head during the next 30 min of scanning time (90 -120 min after injection of the tracer).
A seven-slice brain PET (Scanditronix PC -1024-7B, Uppsala, Sweden) was used. The in-plane and axial resolutions were 5.2 and 11.8 mm, respectively. Four transverse levels of seven slices each were collected, i.e., a total of 28 slices, at 3.5 mm intervals. Transmission scans were used to correct for attenuation at all four transverse levels, using a rotating germanium ( 68 Ge) pin. Thirty-two circular regions of interest (ROIs) of 37 pixels each (pixel size ϭ 4 mm 2 ) were placed onto PET images so as to match a standard template based on the atlas of Matsui and Hirano (1978) . The placement of ROIs was performed by a single rater who was unaware of the identity and diagnosis of the subjects. A template of the ROIs reported in this manuscript is provided in Figure 1 . A high level of interrater reliability was achieved with this procedure (Semple et al., 1993) .
The ratio of specific to nonspecific radioactivity was chosen as the method of analysis. This method has been shown to provide accurate and reliable data and to be sensitive to changes in dopaminergic f unction (Doudet et al., 1992a; Ernst et al., 1996) . Presynaptic accumulation of [F18]fluorodopamine was measured in anatomical ROIs drawn on five brain areas rich in dopamine (four lateralized pairs: head of caudate nucleus, putamen, midbrain, and lateral prefrontal cortex; one medial: medial prefrontal cortex) and one region poor in dopamine (occipital cortex) (Fig. 1) . To reduce variability, we measured each regional F-18 signal in two (for the frontal, midbrain, and occipital regions) or three consecutive planes (for the caudate and putamen regions) that included the plane with the highest signal; the mean of these measures was used for analysis. The midbrain region included the mesencephalic dopaminerich cell bodies of the substantia nigra and of the ventral tegmentum. So that the effects of differences in input tracer and measurement errors could be minimized, the [F18] activity from the occipital cortex served as the measure of nonspecific activity and was used to normalize [F18] activity of the dopamine-rich areas. These normalized values or ratios, obtained from the formula
, were the variables used for analysis and are referred to as the F18-ratio.
Statistical anal ysis. Three multivariate ANOVA (M ANOVA) tested the interactions and main effects of two between-group factors (diagnosis, sex) and two within-subjects factors (region and side) on the F18-ratios of the prefrontal cortex (medial, left, and right prefrontal areas), the striatum (left and right: caudate, anterior putamen, and posterior putamen), and the midbrain (left and right). Statistically significant results were investigated f urther by Student's t tests.
The potential influences of age and history of smoking on the F18-ratios of the composite four regions, prefrontal (medial, and left and right), caudate nucleus (left and right), putamen (left and right), and midbrain (left and right), were tested by analyses of Pearson productmoment correlation coefficients and a M ANOVA, respectively. Age was not correlated with F18-ratios in any of the four composite regions in either the ADH D (0.04 Ͻ r Ͻ 0.42; n ϭ 17; 0.09 Ͻ p Ͻ 0.87) or the control group (0.11 Ͻ r Ͻ 0.38; n ϭ 23; 0.22 Ͻ p Ͻ 0.61). Similarly, a history of smoking did not influence F18-ratios (diagnosis ϫ smoking: F (1,35) ϭ 0.01, p ϭ 0.94; smoking: F (1,35) ϭ 0.00, p ϭ 0.98). Thus, age and history of smoking were not controlled for in the analysis of the results.
The association of clinical measures with regional F18-ratios was assessed by means of Pearson product-moment correlation coefficients. Only those measures that significantly differed between groups were entered in the analysis. C linical measures of severity of ADH D symptoms were the overall scores on the 10 item Conners rating scale, the number of DSM-III-R criteria for ADH D met currently and in childhood, and the number of Utah criteria for ADH D met for past and current symptomatology.
Statistical significance was set at p Ͻ 0.05 and statistical trend at p Ͻ 0.10. All tests were two-tailed.
RESULTS
Seventeen adults with ADHD (8 males and 9 females; 39.3 Ϯ 6.2 years old) and 23 control adults (13 males and 10 females; 33.7 Ϯ 10.5 years old) completed the study. Demographic and behavioral characteristics are described in Table 1 . Mean age tended to be higher in the ADHD than in the control group (t ϭ 1.94; df ϭ 38; p ϭ 0.06), yet because age did not correlate significantly with the F18-ratios of the four large regions analyzed (frontal, caudate nucleus, putamen, and midbrain), it was not entered as a covariate in subsequent analyses.
Interactions and main effects of diagnosis, laterality, and gender are summarized in Table 2 . Diagnosis influenced F18-ratios only in the prefrontal cortex: F18-ratios were lower in ADHD than in controls (see Tables 3 and 4) . Post hoc simple comparisons showed that both F18-ratios in the medial and left lateral prefrontal areas were, respectively, 52 and 51% significantly lower in ADHD than in controls (medial prefrontal: t ϭ 2.90, df ϭ 38, p ϭ 0.006; left lateral prefrontal: t ϭ 2.09, df ϭ 38, p ϭ 0.04) (Figs. 2,  3 ). In addition, the prefrontal cortex was the only region in which the relative male-to-female F18-ratios values were different as a function of diagnosis: in ADH D, F18-ratios were lower in men as compared with women; the opposite was found in controls. Of interest, women had higher striatal F18-ratios than men in both ADHD and control groups. Finally, laterality was not affected by diagnosis in any of the regions sampled. In the ADH D group the F18-ratios of the medial prefrontal cortex did not correlate with any measures of severity of ADHD, whereas F18-ratios of the left prefrontal cortex were correlated negatively with Utah criteria of childhood ADH D (r ϭ Ϫ0.54; n ϭ 17; p ϭ 0.03) (Fig. 4) .
DISCUSSION
Adults with ADH D have abnormally low DOPA decarboxylase activity in the prefrontal cortex, particularly in the medial and left lateral areas.
Two caveats need to preamble the discussion of these findings: the variability of the F18-ratios is increased in regions with relatively low dopaminergic neural density (e.g., prefrontal cortex) or of small sizes (e.g., dopaminergic cell body nuclei of the midbrain), which weakens the power to detect significant differences between groups. For example, a mean difference of 33% in the F18-ratios of the right prefrontal cortex does not reach statistical significance. Furthermore, the frontal signal is not quite dopamine-specific, because it arises from both dopaminergic and noradrenergic nerve terminals. Thus, the involvement of other monoamines and areas cannot be ruled out.
Although not the limiting factor in the rate of dopamine synthesis, DOPA decarboxylase is the limiting step for F-dopamine synthesis from F-DOPA (Gjedde et al., 1991 (Gjedde et al., , 1993 . Therefore, a lower F18 signal reflects reduction in the activity of the enzyme, either structurally, i.e., decreased number of synapses, or functionally, i.e., inhibition of the enzymatic activity (decreased concentration or affinity). Structurally, a fewer number of synapses would be consistent with a reduction of dopaminergic terminals, which may result from a toxic effect or from an adaptive response to an imbalance in the dopaminergic network. Functionally, the inhibition of the enzyme could reflect deficits in other functional units of the dopaminergic system. Indeed, low extracellular dopamine concentration and blockade of D1 or D2 dopamine receptors have been associated with upregulation of DOPA decarboxylase (Abercrombie et al., 1990; Hadjiconstantinou et al., 1993; Zhu et al., 1993; Torstenson et al., 1997) , whereas activation of these receptors has been shown to downregulate DOPA decarboxylase (Hadjiconstantinou et al., 1993; Zhu et al., 1993) . The exact mechanism leading to lower DOPA decarboxylase cannot be identified in this study and neither can the role of this abnormality as a primary or secondary effect in ADHD. However, findings from the literature can suggest the most likely mechanisms.
Because clinical and biological findings in ADHD differ between adults and children, we propose that the prefrontal dopaminergic deficits in ADHD adults are not the primary patholog- ical defect but, rather, result from an interaction of the primary neural deficit with maturation and aging processes. Clinically, adults who continue to meet criteria for ADH D present less hyperactivity but unchanged impairment in attention as compared with their childhood symptoms (American Academy of Child and Adolescent Psychiatry, 1997). This clinical evolution suggests that a f unctional normalization of the structures that control motor activity (mainly basal ganglia) may occur either via compensatory neural mechanisms or a combination of learned and age-related changes. Consistent with this hypothesis, a f unctional normalization of subcortical dopaminergic structures has been observed indirectly. CSF or blood concentrations of the dopaminergic metabolite homovanillic acid (H VA) have been found abnormal in ADHD children (Shay witz et al., 1977; C astellanos et al., 1994) , but not in ADH D adults (Reimherr et al., 1984; Ernst et al., 1997b) . The primary site of origin for H VA in the C SF has been ascribed to the structures of densest dopaminergic innervation (nigrostriatum) (Amin et al., 1992) . Conversely, the failure to detect plasma or CSF dopaminergic aberrations would be expected were the dopaminergic abnormality in ADH D circumscribed to areas receiving moderate dopaminergic input, such as the prefrontal cortex. These findings suggest that the subcortical dopaminergic nuclei are affected in children more than in adults.
Further evidence comes from neuroimaging studies, which have the advantage of directly assessing defined localized areas of structural or f unctional neurochemical specificity. PET studies of ADHD have revealed different patterns of cerebral metabolic rates of glucose (C MRglc) in adolescents and adults (Zametkin et al., 1990; Ernst et al., 1994) . Although abnormally low in adults (Zametkin et al., 1990) , global C MRglc was unaltered in adolescents (Z ametkin et al., 1993; Ernst et al., 1994) . However, when regional C MRglc were normalized (regional /global), the left prefrontal cortex was the region most affected in adults (Z ametkin et al., 1990) and adolescents (Ernst et al., 1994) . Furthermore, because C MRglc seemed to be more deviant in girls than in boys in a small subsample of 11 girls (Ernst et al., 1994) , an independent larger sample of 21 girls was studied and revealed dysfunction in the anterior putamen (Ernst et al., 1997a) . Taken together, these neuroimaging data suggest a more extensive cortical involvement in ADHD adults than in ADHD adolescents.
The findings of different patterns of abnormalities in ADHD girls than in ADHD boys need to be assessed more carefully with larger samples, yet the role of the putamen in ADHD girls is consistent with hypotheses of nigrostriatal dysfunction (Castellanos, 1997; Ernst, 1998) . The gender-related difference seems to hold true for both adolescents and adults. However, whereas girls may have CMRglc more deviant than boys, women seem to show less dopaminergic dysfunction than men (lower F18-ratios in ADHD men than in ADHD women). The protective effect of estrogen on the dopaminergic system (Thompson and Moss, 1997) and the physiological dopamine loss with age (Roth and Joseph, 1994) will need to be considered in the working model of the pathophysiology of ADHD.
Finally, our laboratory recently completed a study of PET and [F18]FDOPA comparing 10 ADHD adolescents with 10 agematched controls (our unpublished data) and found a significantly higher F18-ratio of the right midbrain in the ADHD group than in the control group. Although lower by 15% in ADHD, F18-ratios in the medial prefrontal cortex did not differ significantly between ADHD and control adolescents. The discrepancy between the adult and the adolescent [F18]FDOPA findings may have reflected the inadvertent selection of two different populations. For example, the adolescents may not continue to present ADHD symptoms in adulthood, whereas the adults have a form of ADHD that remains into adulthood. This hypothesis based on the heterogeneity of ADHD may be of use for genetic studies. The reports of an association between the seven-repeat allele of D4 gene and ADHD (LaHoste et al., 1996) may be a better marker for the type of ADHD that continues into adulthood, because this dopamine receptor is found in the frontal cortex, but not in the nigrostriatum, in humans (Matsumoto et al., 1995) . The association of ADH D with markers of the dopamine transporter gene (Cook et al., 1995; Gill et al., 1997) may be more central to the initial f unctional deficit that seems to involve the dopaminergic nuclei where dopamine transporters are highly concentrated.
Another hypothesis involves the developmental trajectory of the neural substrates of ADH D. Dopamine has been shown to play an important role in neurogenesis (Schmidt et al., 1996; Levitt et al., 1997) , and an early disruption of the dopamine system is likely to affect brain maturation. Significant brain maturational changes occur during adolescence; notwithstanding, the age-related decline of dopaminergic innervation seems to be steepest between 10 and 20 years of age (Seeman et al., 1987) . In addition, although based on a limited number of adolescents studied (n ϭ 3), cortical and subcortical synaptic activity indexed by PET assay of C MRglc was reported to plateau in early adolescence (10 -15 years) before decreasing to adult levels (Chugani et al., 1987) . Parallel to these maturational changes that reflect neuronal pruning (Changeux and Danchin, 1976; Huttenlocher, 1979; Cowan et al., 1984; Bourgeois et al., 1994) , a f unctionally specific refinement of the prefrontal neural circuitry has been demonstrated in nonhuman primates during the peripubertal period (Woo et al., 1997) . This reorganization affects the superficial layers of the prefrontal cortex where the density of dopamine axons is the greatest (Lewis et al., 1998) . Because developmentally the density of dopaminergic synapses appears to peak before this peripubertal reorganization (Lewis et al., 1998) , dopamine is likely to influence this neural maturation. With respect to ADH D, these maturational changes may contribute to the shift of the dopaminergic abnormality from midbrain in children to prefrontal cortex in adults; synaptic pruning in the basal ganglia may compensate for the increased presynaptic level of DOPA decarboxylase in midbrain of ADH D children and unmask functional dopaminergic deficit in the prefrontal cortex of ADHD adults. Alternatively, the reduction in dopamine f unction in the prefrontal cortex may serve to compensate for the dopaminergic abnormality in midbrain. Deafferentation of prefrontal dopamine projections has been shown to upregulate dopamine f unction in the basal ganglia (Pycock et al., 1980; K ing and Finlay, 1995) . It is also possible that the prefrontal dopaminergic deficit is secondary to a neurotoxic effect of dopamine (Alagarsamy et al., 1997) that could be released in abnormal concentrations in the prefrontal terminal field because of subcortical dopaminergic dysregulation.
In conclusion, the present work sets the direction for the investigation of the neural mechanisms that mediate ADHD. Future studies need to examine systematically each of the functional units of the dopamine system to identif y the exact nature of the dopaminergic dysf unction in ADH D. Furthermore, research in ADH D is ripe for combining both brain imaging and genetics approaches. Proposed strategies include the examination of the effects of susceptibility genes on neuroimaging findings and, reciprocally, the exploitation of homogenous brain imaging phenotypes in the search of candidate genes.
